Abstract-An important topic in designing neuroprosthetic devices for animals or patients with spinal cord injury is to find the right brain regions with which to interface the device. In vertebrates, an interesting target could be the reticulospinal (RS) neurons, which play a central role in locomotor control. These brainstem cells convey the locomotor commands to the spinal locomotor circuits that in turn generate the complex patterns of muscle contractions underlying locomotor movements. The RS neurons receive direct input from the Mesencephalic Locomotor Region (MLR), which controls locomotor initiation, maintenance, and termination, as well as locomotor speed. In addition, RS neurons convey turning commands to the spinal cord. In the context of interfacing neural networks and robotic devices, we explored in the present study whether the activity of salamander RS neurons could be used to control off-line, but in real time, locomotor speed and direction of a salamander robot. Using a salamander semiintact preparation, we first provide evidence that stimulation of the RS cells on the left or right side evokes ipsilateral body bending, a crucial parameter involved during turning. We then identified the RS activity corresponding to these steering commands using calcium (Ca 
I. INTRODUCTION
Brain-machine interfaces (BMIs) are increasingly used in fundamental research in order to better understand the neural principles underlying motor control. The development of such devices is historically linked to basic research examining the role of the motor cortex in controlling the direction and velocity of upper limb movements (e.g. [1] ¸ [2] ). First developed in rodents [3] and monkeys (e.g. [4] , [5] ), BMIs are now used in the field of assistive technology to improve motor function of the upper limbs in patients suffering from devastating disablements like tetraplegia (e.g. [6] , [7] ). BMIs controlling lower limbs are also developed to improve locomotor function, but still to a much lesser extent [8] , [9] , [10] , [11] , [12] , [13] , for review see [14] . To restore *Research supported by the Swiss National Science foundation (Project 140714).
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locomotion with BMIs, some authors proposed to use signals of the primary motor cortex and somatosensory areas recorded with implanted electrodes from monkeys during walking to control a biped robot/lower limb exoskeleton [9] . Other proposed to use recordings of the fronto-parietal cortical networks obtained with scalp electroencephalography in humans during walking [15] . A study proposed to use primary motor cortex recordings obtained during forelimb walking to control electrical stimulation of the hindlimb muscles in spinalized rats [12] . Finally another study proposed to use electromyographic recordings of the forelimb to control electrical stimulation of the lumbosacral spinal cord, in order to activate the spinal locomotor circuits controlling the hindlimbs [13] . However, some of these approaches rely on forelimb motor activity and could thus not be applied to tetraplegia. The other approaches rely on motor cortex recordings during locomotor movements. This is consistent with e.g. the motor cortex showing activity modulation related to modification of hindlimb motor pattern in the cat [e.g. 16] . It is true that the motor cortex is involved in visuo-motor coordination and precision walking through direct projection over RS cells or spinal interneurons, as shown by the work of Drew and colleagues [for review see 17] . However, it is worth to note that kittens decorticated during their first weeks of life can walk, trot or gallop and show complex goal-directed behaviors, indicating that other networks (i.e. brainstem networks, see below) generate the locomotor commands [18] . Moreover, whether activity patterns of motor cortex neurons could be used in cases where no forelimb activity is available to elicit rhythmic feedback to the cortices remains to be resolved.
In contrast, the activity of brainstem locomotor networks that conveys the descending locomotor commands to spinal cord circuits in vertebrates (for review see [19] ), was rarely used to control a locomotor device. This may related to the low accessibility of these networks, located deep in the brain. However, it is noteworthy that the brainstem contains the reticulospinal (RS) neurons that play a crucial role in activating locomotion. These hindbrain neurons send descending projections to the spinal locomotor circuits. The RS cells receive direct inputs from a locomotor center located at the border between the midbrain and the hindbrain, called the Mesencephalic Locomotor Region (MLR). The MLR is dedicated to initiating and finely controlling locomotor speed and gait transitions. Such locomotor center was first discovered in cats [20] and then in all vertebrates tested (for review see [19] ). The RS neurons also receive inputs from different sensory modalities and are responsible for steering and equilibrium control [21] . Thus, the RS cells are considered as the "final common pathway for locomotion" (for review see [22] ). Interfacing at the brainstem level is thus interesting because RS activity allows one to read out important information such as speed and steering commands, which result of the computations done by higher brain areas involved in locomotor control. To our knowledge, only two studies connected lamprey brainstem RS neurons to a two-wheeled robot in a closedloop paradigm, in order to study the dynamics and plasticity of such a neuro-robotic system [23] , [24] .
Here we examined whether signals from brainstem RS neurons can be used to control locomotor speed and direction of a robotic device. To this end we used the salamander as an animal model, where the brainstem networks are easily accessible experimentally. In salamanders as in other vertebrates, the basic muscle contractions are programmed by a specialized neural network in the spinal cord called the Central Pattern Generator (CPG, see [25] ), which controls axial and limb movements [26] , [27] , [28] , [29] . This network integrates sensory signal and is under the control of brainstem locomotor networks. Salamanders have a MLR, and stimulation of this region evokes walking in a semi-intact preparation [30] . Increasing the strength of the stimulation increases locomotor speed. Further increase induced a transition to swimming. The MLR does so by sending bilaterally symmetrical descending glutamatergic input to RS neurons [31] , which in turn project to the spinal CPG [32] , [33] , [34] . RS are active during locomotion [35] , [34] , and their activity can be precisely controlled by the strength of MLR stimulation [36] , [37] , [31] .
In addition, the salamander locomotor system was modeled at different levels of abstraction, from abstract coupled oscillators [38] to more realistic neural networks [39] , [40] . We here used a modified version of the modeling presented in [38] in order to integrate the RS Ca 2+ activities as command signals, off-line, but in real time. This work is the first step of a project aiming at feeding back to the brain the visual field from the robot, in order to develop a closedloop approach where the brain and the robot could autonomously follow a path or reach a target (Fig. 1) . Moreover, the present proof of concept shows that the Ca 2+ activity of RS cells can be used to control locomotor speed and direction, and may thus be relevant to control a whole body locomotor exoskeleton.
II. PROCEDURES

A. Animals
All procedures conformed to the guidelines of the Canadian Council on Animal Care and were approved by the animal care and use committees of the Université de Montréal (QC, Canada). Care was taken to minimize the number of animals used and their suffering. The experiments were performed on 6 juvenile salamanders (Notophthalmus viridescens) (Snout-vent length 40-50 mm) purchased from Connecticut Valley Biological Supply (MA, USA) or Boreal Science (ON, Canada). The animals were kept in aerated water at 20°C and fed weekly with frozen bloodworms.
B. Surgical procedures
The procedures were similar to that previously used [30] , [31] . Briefly, the animals were anesthetized by immersion in a 0.2 % aqueous solution of tricaine methanesulphonate (MS-222, 200 mg/L). They were transferred to a dissection dish filled with a cold (8-10 °C) and oxygenated Ringer's solution (in mM: 130 NaCl, 2.1 KCl, 2.6 CaCl 2 , 1.8 MgCl 2 , 4 HEPES, 4 dextrose, and 1 NaHCO 3 (pH 7.4)). After evisceration, the brain and first segment of the spinal cord were exposed dorsally. The low jaw, the forelimbs, as well as the brain rostral to the mesencephalon were removed.
C. Ca 2 imaging
Ca 2+ imaging experiments were performed on 4 isolated brain preparations. The procedure was similar to that described elsewhere [41] , [42] , [31] . Briefly, a transverse section was made at the level of the first spinal segments and the caudal part of the body was removed. RS neurons were retrogradely labeled by placing Ca 2+ green dextran amine crystals at the level of the first spinal segment. The preparation was then placed overnight in a chamber perfused with a cold (8-10 °C) oxygenated Ringer's solution to allow the dye to retrogradely label RS neurons. The following day, the brain preparation was placed in a recording chamber perfused with a cooled (8-10 °C) oxygenated Ringer's solution (4 mL/min). A stimulation electrode or pipette was placed in the MLR on one side. The stimulation site was identified on the basis of previous studies describing the distribution of MLR neurons [30] , [31] . An optimal focus was chosen for imaging the RS neurons of the middle reticular nucleus (mRN) on the basis of previous studies describing the distribution of RS neurons in salamanders [33] , [31] . The changes in fluorescence in RS cells were measured in regions of interests manually delineated around the RS cells bodies filled with the Ca 2+ green dextran amine. The responses of RS cells to MLR stimulation or local microinjections of D,L-glutamate were recorded with a Nikon epifluorescent microscope coupled with a CCD video camera (Photometrics CoolSNAP HQ; Roper Scientific). The Ca 2+ responses were expressed as relative changes in fluorescence (ΔF/F, see [31] ). Baseline was defined as the average fluorescence of the cell body before stimulation. Data was acquired with Metafluor and analysed with Sigmaplot and Matlab.
D. Salamander kinematics on semi-intact preparation
Two animals were used to perform movement analysis following microinjections of D,L-glutamate over the RS neurons of the mRN. We used the semi-intact salamander preparation previously developed by Cabelguen and colleagues [30] . The dissection was similar to that of the isolated brain preparation except that the caudal part of the body was kept intact. The preparation was then transferred to a recording chamber perfused with a cold (8-10 °C) oxygenated Ringer's solution (4 mL/min). The ventral cranium was pinned in the rostral part of the chamber, whereas the caudal body part was free to move in the bath. A glass micropipette filled with D,L-glutamate was placed over the RS cells of the left or right mRN for local microinjections. The evoked body movements were recorded (30 frames/s) with a camera (HDR-XR200; Sony) positioned 1 m above the recording chamber. The movements were analyzed with a custom Matlab script previously used for lamprey kinematics [41] , [43] , [44] . Briefly, virtual markers were distributed equidistantly along the body dorsal midline using geometrical analysis of the body. Body bending angle was monitored frame by frame between the lines drawn by two successive markers at the level of the mid-trunk, at rest and after stimulation of the mRN with D,L-glutamate.
E. Drugs
To chemically stimulate RS neurons or the MLR, a Ringer's solution containing 2.5 mM of D,L-glutamate was injected locally onto RS neurons or in the MLR as previously described [31] , [42] , [44] . Drugs were injected using a glass micropipette (diameter 10-20 µm) by applying pressure pulses (3-4 PSI) of 20 to 100 ms duration with a Picospritzer microinjection system. The injected volumes were calculated as previously (e.g. [31] , [44] ) by measuring the volume of a droplet in the air following a single pressure pulse, multiplied by the number of pressure pulses used during the injection. The number of moles was then calculated.
F. Electrical stimulation
The MLR was stimulated to generate precisely controlled and reproducible locomotor-related activation of the RS neurons. The MLR was stimulated with homemade glass coated tungsten electrodes (0.7-3.1 MΩ, 10-35 µm exposed tip) as previously done in salamanders [30] , [31] . Stimulation was delivered with a GRASS stimulator coupled to a Grass PSIU6 photoelectric isolation unit. The MLR was stimulated with trains of electrical square pulses (2-ms duration) applied with a frequency of 5 Hz for 30 s. A pause of 3 to 5 min was allowed between two train stimulations. The stimulation intensities ranged from 1.5 to 3 µA.
G. Spinal cord model for controlling the robot
To control the salamander robot we used a slightly modified version of the model described in [38] . It is based on abstract coupled oscillators distributed along the spinal cord, with different sets of oscillators controlling the trunk, tail and limbs. The corresponding topology of the network is shown in Fig. 1 . The states of each oscillator are defined as follows:
, where " , " and " denote the phase, amplitude and output of the i-th oscillator. " denotes the intrinsic frequency, " the nominal amplitude, ") the coupling weight and ") the phase bias between oscillators.
The corresponding parameters of the model are given in TABLE I. Consequently, higher drives increase the limb frequency and turning is induced by asymmetric drives. In the present study, turning involves two synergistic mechanisms as described in previous modeling studies. Firstly, asymmetric drives induce body bending in the trunk and tail, with an increased bending angle ipsilaterally to an increased RS activity (see [45] ). In addition, the drive signals influence the stride lengths of the forelimbs, where higher drives lead to decreased stride length on the corresponding side (see [46] ).
H. Robot
For the robot experiments, Pleurobot [47] was used. Pleurobot is a salamander-like robot that has been developed based on detailed cineradiographic recordings of Pleurodeles waltl. in different media such as water and land. Its optimized spinal segmentation, and its high number of degrees of freedom (11 for the spine and 4 per leg) allow to very closely reproduce various salamander gaits. The robot uses servomotors (Dynamixel MX 64), which are controlled in the present study via position control depending on the oscillator outputs. The control signal for the spinal joints is computed as the difference of two lateral body oscillator outputs ( 9IJG − H"KLG ). The intra-limb coordination of the 4 degrees of freedom is implemented as suggested in [47] with an inverse kinematics algorithm, that allows to compute the corresponding joint angles in the limbs for a specified foot trajectory. The corresponding parameters are given in TABLE II. Finally the phase of each limb is determined by the phase of the corresponding limb oscillator. I. Robot kinematics Robot movements were recorded with a GOPRO Hero 2 from a top view. The post-processing included correction of the lens distortion in Adobe Premier Pro as well as manual tracking (at 2.4 Hz) of the forelimb girdle and hindlimb girdle with the help of a custom script in Matlab 2015b. The line between the girdles was then used to determine the instantaneous movement direction. Subsequently, turning angles could be computed as relative angles between current and initial moving direction. For the speed estimation, the progression of the forelimb girdle was used.
III. RESULTS
A. Control of body bending evoked by mRN stimulation
It is not yet known in salamanders how steering commands are generated. In lampreys, modulation of the body bending angle on the horizontal plane is used during turning [21] . Such phenomenon is associated with increased RS activity ipsilateral to the turn during in vivo [21] and fictive locomotion [48] . A similar steering mechanism was proposed to occur in salamanders in previous modeling studies [45] , [46] . Using salamander semi-intact preparations (n = 2), we here examined whether specific stimulation of left or right sides of the mRN with glutamate was sufficient to control body bending. We stimulated RS neurons with glutamate, as RS neurons receive glutamatergic inputs from the MLR [31] and probably from relay neurons of various sensory modalities like e.g. the visual system (i.e. tectal inputs [49] , see also e.g. [50] in lampreys). Local microinjections of 0.09 to 30.37 pmol of D,L-glutamate (2.5 mM, 1-10 pulses, 2 Hz, 3-4 PSI, 20-100 ms pulses, 0.04-12.1 nL per injection) over the left mRN ( Fig. 2A) evoked an increased bending of the body ipsilaterally to the microinjection (Fig. 2B-D) . The body remained in the new position after such stimulation (Fig. 2C) . The amplitude of the bending angle increased with the amount of glutamate microinjected over the mRN (Fig. 2E-F) . Conversely, when microinjecting D,L-glutamate over the right side of the mRN using the same microinjection parameters, bending was selectively elicited toward the right side. Again, the bending angle increased with the amount of glutamate injected over the mRN. Similar results were obtained with the other preparation tested. Altogether this indicated that precise steering commands can be generated by selective stimulation of left and right RS neurons in salamanders.
B. RS Ca 2+ activity underlying steering commands
We examined in isolated brain preparations (n = 3) the type of RS Ca 2+ responses evoked by the stimulation evoking left and right body bending in the semi-intact preparations. To this end, we recorded in identified mRN RS neurons the (Fig. 3A) . Glutamate microinjection over the left mRN selectively evoked Ca 2+ responses in left RS neurons (Fig.  3B-C) . Conversely, microinjections on the right side evoked selective response in right RS neurons (Fig. 3B-C) . In both cases, much smaller responses were evoked in RS cells contralateral to the injection site. These were likely evoked either by partial spreading of glutamate contralaterally to the injection site or by possible excitatory cross-connections between RS cells. Altogether this indicated that the bending responses evoked in the semi-intact preparation were most likely evoked by a stronger activation of the RS cells located ipsilateral to the bending.
We then asked whether such selective RS activation on one side is sufficient to generate an asymmetry in the MLRevoked locomotor command. As previously shown in salamanders [31] , MLR stimulation (30 s train, 5 Hz, 2 ms pulses, 1.5-3µA) evoked a bilaterally symmetrical activation of RS cells of the mRN (n = 2 preparations, Fig. 3G ). Such activation is consistent with the MLR being a structure generating symmetrical locomotor movements in lampreys [41] , salamanders [30] , and cats [51] . When a selective microinjection of 0.27 to 1.89 pmol of D,L-glutamate (2.5 mM, 3-5 pulses, 2 Hz, 3-4 PSI, 20-50 ms pulses, 0.11-0.76 nL per injection) over the right mRN was superimposed to MLR stimulation, we observed an increased RS Ca 2+ response ipsilaterally to the injection site (Fig. 3H) . Conversely, when glutamate was injected selectively over the left mRN, an increased Ca 2+ response was observed in the left mRN RS cells (Fig. 3I) . Altogether these results suggest that glutamatergic inputs to RS neurons can bias the MLR locomotor command toward the right or the left side. Such a phenomenon suggests that RS cells can integrate the locomotor command and steering-related inputs. Thus, the activity of these neurons is interesting to interface with a locomotor device in order to control speed and direction.
C. Control of robot direction with brainstem signals
We then used the locomotor commands from the RS cells to control Pleurobot driven by a spinal cord and brainstem model. The descending drives to the left and right sides of the spinal cord model were computed as mean RS cell activations on the left and right sides, respectively. The robot experiments were carried out for three different RS Ca 2+ responses (Fig. 3G-I) , that would correspond to straight motion, right and left turn, respectively. Each experiment was repeated three times to test the variability of the robot kinematics depending on the given biological drives. We observed that all three behaviors could be generated with the robot (Fig. 4A) . Furthermore, Pleurobot could handle the commanded signals very robustly. This is indicated by the small variability in the resulting robot trajectories for a given biological RS drive. 
D. Control of robot speed with brainstem signals
The strength of MLR activation controls locomotor speed in all vertebrate tested (for review see [19] ), including salamanders [30] . This phenomenon was recently related to the ability of the MLR to very precisely control the amplitude of RS responses in salamanders [31] . We thus asked whether the RS activity driven by MLR stimulation could be used to control robot speed. For this experiment, we used one single preparation in which the MLR was chemically stimulated with gradually increasing amounts of glutamate (2.26 to 7.84 pmol of D,L-glutamate (2.5 mM, 10 pulses, 2 Hz, 3-4 PSI, 40-60 ms pulses, 0.31-0.91 nL per injection)) (Fig. 5A) . Such stimulation evokes a bilaterally symmetrical activation of RS neurons as recently demonstrated in salamanders [31] (Fig. 5B-D) . The goal here was to correlate the level of RS activation to the speed of the robot. We compared the cumulative RS activation over time with the forward progression of the robot, i.e. the distance travelled by the robot during the same amount of time when driven by RS signals of different amplitudes (Fig.  5E) . The relative RS cell activation changes were consistent with the changes in robot speeds, thus indicating that the Ca 2+ responses could be indeed used for speed control.
IV. DISCUSSION
The present work demonstrates that Ca 2+ signals from a population of brainstem RS neurons can be used to control off-line, but in real time, the speed and direction of a robot driven by a brainstem and spinal cord model.
BMIs are rarely designed on the basis of optical recordings of neuronal Ca 2+ signals. To our knowledge, only one study used such an approach, to make mice learn to modulate neural activity in response to auditory feedback. The authors used transgenic mice expressing a Ca 2+ indicator in cortical neurons [52] . Traditionally, multiple extracellular recordings of large population of neurons are used to control BMIs. In comparison with spiking activity, Ca 2+ signals show slower dynamics, and could be seen as a smoothed average of spiking frequency. A classical caveat with Ca 2+ -based measurements of neuronal activity is to determine whether the signal represents spiking or subthreshold activity. Electrophysiological recordings coupled with Ca 2+ imaging of the same neuron (with the same Ca 2+ indicator than the one used in the present study) revealed that a 0.09 increase in ΔF/F is associated with spiking [53] , [54] , and this is consistent with recent observations in salamanders (see [31] ). This would indicate that most RS cells illustrated in e.g. Fig. 3 and 5 spike action potentials when stimulated by MLR and/or glutamate injections. On the other hand, the advantage of our approach compared to a microelectrode array is that we have a resolution at the single cell level for a population of identified neurons. In the present study we used a very simple left/right population averaging approach to control the robot. However, a more cell-specific coding could very well be implemented, since the recorded cells are easily trackable. The Ca 2+ approach also allows the experimenter to spot the activity of rarely active cell that are hard to detect with extracellular recordings [55] . Importantly, the recently developed miniaturized microscopes (1.9 g) now makes Ca 2+ imaging usable in freely moving animals [56] . Similar Ca 2+ imaging systems could be used in the future in humans.
Here we show that unilateral stimulation of the RS cells elicits ipsilateral body bending at rest. Future work should determine whether unilateral RS stimulation elicits turning during locomotion in the semi-intact preparation. This is very likely, since unilateral increase in RS activity was reported during turning in lampreys [21] . The spinal targets of the RS neurons recorded in the present study also remain to be characterized. Furthermore, the origin of the excitatory glutamatergic inputs responsible for increasing the RS activity during turning remains to be determined in salamanders. In lampreys, RS neurons receive excitatory inputs from several regions including the MLR and spinal cord (for review see [22] ), but also sensory modalities like e.g. the vestibular and visual systems (e.g. for the visual system see [50] ). Our next step is to close the loop and add feedback from the robot to the salamander brain. The brain will interact online with the robot, and we will investigate whether this can lead to visually-guided motor behaviors such as obstacle avoidance and following a visual stimulus.
Finally, our work could be viewed through the prism of assistive technology. BMIs are now increasingly used in the field of rehabilitation robotics. Our work suggests that brainstem locomotor networks could be used to control speed and direction of a locomotor device, like a lower limb exoskeleton. The advantage of our approach compared to previous studies relying on forelimb EMGs or cortical recording is that interfacing at the brainstem level allows us to record important information concerning locomotor speed and direction. In this context, it is noteworthy that in humans asked to imagine they are walking, an increased activity is detected in brainstem locomotor networks, including the MLR [57] , [58] . Another difference between our approach compared to the previous ones is that, in contrast with cortical activity where the desired activity has to be learned by the patient to fit at best with the degrees of freedom of the robot, the activity of brainstem network could be used more "naturally" to control a locomotor device by thought. However, it should be noted that these networks, located deep in the brain, are hard to reach. Nevertheless, brainstem locomotor networks are increasingly targeted by clinicians in the context of deep brain stimulation, in order to improve locomotor function in patients with Parkinson's disease [59] , [60] . The recent discovery in rodents that MLR stimulation enhances locomotor recovery after spinal cord injury might soon open a new way to improve locomotor function in patients suffering from such devastating injuries [61] .
V. CONCLUSION Our work shows that Ca 2+ signals from brainstem neurons can be used to control the speed and direction of locomotion of a robot driven by a brainstem and spinal cord model.
